It is desirable to convert biomass-derived furfural to 2-methylfuran through the hydrodeoxygenation (HDO) reaction using an inexpensive catalyst with high stability. In this work, Mo 2 C was used as an alternative substrate to replace precious Pt to support monolayer Fe for the HDO reaction of furfural. The HDO activity and stability of Fe/Pt(111) and Fe/Mo 2 C/Mo(110) surfaces were compared. Density functional theory calculations and vibrational spectroscopy results indicated that both surfaces bonded to furfural with similar adsorption geometries and should be active toward the furfural HDO reaction. Temperature programmed desorption experiments confirmed a similar HDO activity between the two surfaces, with Fe/Mo 2 C/ Mo(110) being more thermally stable than Fe/Pt(111). The combined theoretical and experimental results demonstrated that Fe/Mo 2 C should be a promising non-precious metal catalyst for the HDO reaction of furfural to produce 2-methylfuran.
Introduction
Furfural is one of the platform chemicals derived from biomass. The production of furfural from biomass has significantly matured with advances in both hemicellulose hydrolysis to xylose and xylose dehydration to furfural [1, 2] . It is desirable to upgrade the abundant furfural to value-added chemicals. Through the hydrodeoxygenation (HDO) reaction, furfural can be upgraded to 2-methylfuran (2-MF) by selectively breaking the C=O bond in the carbonyl group and keeping other C-C bonds intact. 2-MF is a value-added product that has shown promise as a fuel additive in a road test due to the high research octane number (RON), high energy density and low water solubility [3] . The commonly used catalyst in the industry is copper chromite, which is toxic and potentially damages both ecologies and human health [4] . Therefore, it is necessary to identify environmentally friendly catalysts with low cost and high activity.
The precious metal catalysts such as Pt [5] and Pd [6] have shown good HDO activity, but they are also active for decomposition of other moieties of furfural, which reduces the selectivity for the HDO reaction. Compared with the monometallic catalysts, bimetallic catalysts often show unique properties than their parent metals [7] . For example, Yu et al. found that Fe/Ni(111) [8] had higher HDO activity than monometallic surfaces under the ultrahigh vacuum (UHV) condition. Gorte et al. found that Pt 3 Co 2 /C showed higher activity and selectivity than both Pt/C and Co/C in the HDO reaction for hydroxymethylfurfural (HMF) using a flow reactor [9] . To better understand the properties of bimetallic surfaces that contribute to the high furfural HDO performance, the furfural HDO reaction on 3d/Pt(111) with different structures and metal modifiers were studied [10] . The results indicated that the surfaces with high furfural binding energy and tilted furan ring in the adsorption geometry were active for furfural HDO reaction. Among these surfaces, the 3d metal-terminated 3d/Pt(111) surfaces with strongly oxophilic metal modifiers (Fe and Co) had the highest 2-MF yield. However, after annealing the surface to above 400 K, the 3d metal started to diffuse into the Pt(111) bulk, forming the Pt3dPt(111) subsurface structure and reducing the HDO activity [11] . To stabilize the 3d-terminated surface, an alternative substrate with a high metal diffusion barrier and low cost should be used.
Molybdenum carbide (Mo 2 C) is characterized with high hardness, high melting temperature, and metal-like electric conductivity and heat capacity [12] . Mo 2 C is produced by incorporating C atoms into the interstitial sites of Mo. As a catalyst, the Mo 2 C has high oxygen binding energy that should facilitate the C-O bond cleavage. In the reactor experiments, Mo 2 C has shown high activity toward the furfural HDO reaction. However, the high binding to the reactant and product also deactivates the catalytic activity of Mo 2 C significantly [2] . Previous theoretical and experimental studies have shown that the d-band center of Mo 2 C is similar to that of Pt [13] and that Mo 2 C possessed Ptlike properties as substrates [14, 15] . In addition, Mo has an abundant reserve and low price. These properties of Mo 2 C make it a promising material as an alternative substrate to Pt for replacing Fe/Pt with Fe/Mo 2 C.
In this work, Fe/Pt(111) and Fe/Mo 2 C/Mo(110) were compared for the furfural HDO reaction. The Mo-terminated Mo 2 C surface was chosen due to its higher oxygen binding energy than the C-terminated surface [13] , because stronger binding to oxygen should facilitate the HDO activity. Density functional theory (DFT) calculations and surface science experiments were combined to study the stability of the Fe/Mo 2 C/Mo(110) surface, as well as the similarity between Fe/Pt(111) and Fe/Mo 2 C/Mo(110) surfaces for the selective conversion of furfural to 2-MF.
Methods

DFT Calculations
All DFT calculations were performed with the Vienna Ab initio Simulation Package (VASP, version 5.3.5) and the ionic cores were described by the projector augmented wave (PAW) method [16, 17] . The exchange and correlation energies were computed using the Perdew, Burke, and Ernzerhof functional with the latest dispersion correction (PBE-D3) [18, 19] . Total energies were minimized selfconsistently using a convergence threshold of 10 −5 eV. The nuclear degrees of freedom were optimized to a force convergence threshold of 0.02 eV Å −1 . The calculations for Fe/Pt(111) were performed using a periodic 4 × 4 unit cell of four metal layers, with six equivalent layers of vacuum between slabs. The two bottom layers of the Pt(111) slab were frozen, while the top two layers were allowed to relax to reach the lowest energy configuration. For the Fe/Mo 2 C surface, the Mo 2 C(0001) substrate was approximated by a 4 × 4 unit cell mixing three layers of metal and three layers of carbon. One monolayer of Fe was put on the top layer of the Mo 2 C(0001) surface. The top two layers of Mo 2 C and one layer of Fe were relaxed to reach the lowest total energy. The DFT calculations provided binding energies, and optimized adsorption geometries of furfural on Fe/Pt(111) and Fe/Mo 2 C(0001) surfaces. The binding energies were calculated by subtracting the total energy of the adsorbed molecule on the surface by the energies of the clean surface and gas phase furfural.
Surface Science Experiments
Surface Preparation
The Pt(111) and Mo(110) single crystals were purchased from Princeton Scientific Corporation. Both Pt(111) and Mo(110) crystals had a purity of 99.999%, a diameter of 8 mm and a thickness of 1.5 mm. The Pt(111) surface was cleaned by Ne + sputtering at 300 K, followed by O 2 treatment at 900 K to remove residual surface carbon, and then annealed at 1000 K. For the Mo(110) surface, the O 2 treatment was processed at 1000 K, and the annealing temperature was 1200 K. For both surfaces, the O 2 treatment was repeated until the negligible amount of carbon was detected.
The preparation of Fe/Pt(111) bimetallic surfaces was performed with the same procedures reported in a previous study [11] . The Fe-terminated Fe/Pt(111) surface was prepared by depositing one monolayer (ML) of Fe metal on Pt(111) at 300 K. The Fe coverage was estimated by Auger electron spectroscopy (AES) based on the AES peak intensities of Fe(646 eV) and Pt(922 eV). The subsurface PtFePt(111) structure was prepared by depositing 1 ML of Fe at 600 K, with Fe diffusing beneath the top layer of Pt(111) at this temperature [11] . The thick Fe surface was prepared by depositing ~ 10 ML Fe on Pt(111) at 600 K. The preparation of the Mo 2 C surface was also reported in the previous study [20] . The Mo(110) surface was exposed to 3 L (1 Langmuir = 1 × 10 −6 Torr s) ethylene at a surface temperature of 600 K followed by annealing to 1200 K. Ethylene treatment was repeated until a Mo/C atomic ratio of 2:1 was reached. 1 ML of Fe was deposited onto the Mo 2 C/ Mo(110) surface using the same metal deposition procedure as for ML Fe/Pt(111).
Temperature Programmed Desorption (TPD) Experiments
The TPD experiments were performed in a two-level UHV chamber with a base pressure of 5 × 10 −10 Torr, equipped with AES, metal sources, a mass spectrometer and a sputter gun. The Fe metal source was constructed with a high purity metal wire (Alfa Aesar, 99.99%) wrapped around a tungsten filament and was mounted within a tantalum enclosure. The quadrupole mass spectrometer (UTI 100C) can monitor up to 20 masses simultaneously. Furfural and 2-MF were purchased from Sigma Aldrich with a purity of 99%. They were injected into glass cylinders and purified using three cycles of freeze-pump-thaw. All gas samples, hydrogen, neon, and carbon monoxide, were of research purity and used without further purification. The reagents were dosed into the UHV chamber with a stainless steel dosing tube, and the purity was verified by mass spectrometry. The gas doses were reported in L and uncorrected for ion gauge sensitivity. In each TPD experiment, 5 L H 2 and 4 L furfural were dosed when the crystal temperature was below 150 K.
The crystal was placed at the center of the UHV chamber by directly spot-welding to two tantalum posts, allowing resistive heating and cooling with liquid nitrogen. For TPD measurements the Fe/Pt(111) and Fe/Mo 2 C/Mo(110) surfaces were heated from 110 to 800 K with a linear rate of 3 K/s and the products desorbing from the surface were detected using the mass spectrometer.
HREELS Experiments
The HREELS experiments were performed in a three-level UHV chamber with a base pressure of 2 × 10 −10 Torr. The HREELS chamber was equipped with TPD and AES capabilities in the top two level and an LK3000 HREELS unit in the bottom level. Angles of incidence and reflection were 60° with respect to the surface normal in the specular direction. Count rates in the elastic peak were typically between 2 × 10 4 and 5 × 10 4 counts/s, and the spectral resolution was between 30 and 50 cm −1 full width at half maximum. Similar to TPD, in each HREELS experiment, 5 L H 2 and 4 L furfural were dosed when the crystal temperature was below 150 K, followed by heating to specific temperatures.
Results and Discussion
DFT Calculations
The DFT calculations of furfural on Fe-terminated Fe/ Pt(111), subsurface PtFePt(111) and Fe/Mo 2 C(0001) were performed. Scheme 1 shows the assignment of the carbon and oxygen atoms in furfural. Figure 1 shows the side views of the optimized furfural adsorption geometries. For the two Fe/Pt(111) surfaces, the distance of furfural was closer to Fe/ Pt(111) than PtFePt(111), consistent with a stronger furfural binding energy on Fe/Pt(111). The Fe/Mo 2 C(0001) surface was more similar to the Fe/Pt(111) surface in terms of both furfural adsorption geometry and binding energy. Table 1 summarizes the C 1 -C 2 and C 1 -O 1 bond lengths, as well as the binding energies of furfural and atomic oxygen on the three surfaces. Furfural in the gas-phase and on the PtFePt(111) surface had similar bond lengths, suggesting that Pt-terminated subsurface PtFePt(111) had a weak interaction with furfural. On Fe/Pt(111), the C 1 -O 1 bond was significantly lengthened, suggesting that the carbonyl group of furfural bonded with the surface strongly and facilitating the C=O bond cleavage. On Fe/Mo 2 C(0001), the furfural and oxygen binding energies were slightly higher than those on Fe/Pt(111). According to our previous report [10] , the surfaces with high furfural binding energy and strong oxophilicity were expected to show high furfural HDO activity. Therefore, the DFT calculation results suggested that both Fe/Mo 2 C(0001) and Fe/Pt(111) should be active toward furfural HDO.
TPD Results
2-MF and furan were observed in the TPD experiments. Furan was formed through the decarbonylation by breaking the C 1 -C 2 , as shown in Fig. S1 . The TPD spectra of 2-MF production from furfural HDO on hydrogen pre-dosed Fe/Pt(111), PtFePt(111), Pt(111) and thick Fe surfaces are shown in Fig. 2a . The Fe/Pt(111) surface had the most intense 2-MF desorption peak among the four surfaces. The subsurface PtFePt(111) had much lower 2-MF desorption peak area than Fe/Pt(111), indicating that the HDO activity of Fe/Pt(111) surfaces was structure-dependent. Based on previous studies [21, 22] , the Fe-terminated Fe/Pt(111) surface was not thermodynamically stable under vacuum or hydrogen atmosphere. Figure 2b shows the AES intensity ratio of Fe(646 eV)/Pt(241 eV) measured as a function of annealing temperature of Fe/Pt(111). As the temperature increased to 400 K or higher, the Fe(646 eV)/Pt(241 eV) ratio decreased, suggesting that the Fe atom diffused from the top surface layer. At 800 K, the Fe(646 eV)/Pt(241 eV) ratio was reduced to ~ 0.65, which was similar to the Fe(646 eV)/Pt(241 eV) ratio for subsurface PtFePt(111). After one TPD experiment, the surface was annealed to 800K, and the Fe/Pt(111) surface was restructured to Ptterminated PtFePt(111), losing the HDO activity. The Mo 2 C/Mo(110) surface was used as a substrate to enhance the stability of the Fe-terminated surface. Four repeat TPD experiments were carried out on hydrogen predosed Fe/Mo 2 C/Mo(110). In each TPD experiment, the surface was annealed from 100 to 800 K without further surface treatment. As shown in Fig. 3 , the 2-MF desorption peaks from the four TPD experiments had the same peak temperature (310 K), suggesting that the Fe/Mo 2 C/Mo(110) surface had the same ability to break the C=O bond in the four TPD experiments. were mass spectrometer sensitivities for 82 and 28 amu, respectively, and P furfural 2-MF was the peak area of 82 amu. The P CO sat was the peak area of 28 amu from saturation CO desorption and CO sat was the saturation coverage of CO on Mo 2 C(0001). Table 2 summarizes the quantification results of the TPD experiments. Fe/Mo 2 C/ Mo(110) had a 2-MF yield of 0.014 in the first TPD experiment and 0.01 in the fourth TPD experiment, which was similar to the 2-MF yield from Fe/Pt(111). These results indicated that, unlike ML Fe on Pt(111), ML Fe remained on the Fe/Mo 2 C/Mo(110) surface and maintained a similar HDO activity to Fe/Pt(111). Figure 4 shows the HREELS results of the adsorbed furfural and 2-MF on the hydrogen pre-dosed Fe/Mo 2 C/Mo(110) and Fe/Pt(111) surfaces. The 100 K spectrum (Fig. 4a) showed the characteristic peaks of molecularly adsorbed furfural, including the C-H wagging mode of the furan ring at 745 cm −1 , the C=O stretching mode in the carbonyl group at 1638 cm −1 , and the C-H stretching mode from the unsaturated furan ring peak at 3067 cm −1 . Other vibrational modes were also summarized in Table 3 .
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HREELS Measurements
The spectrum at 220 K was consistent with chemisorbed furfural. Compared with the 100 K spectrum, the 220 K spectrum showed less intense ring wagging mode at 745 cm −1 [ω (CH)] due to the desorption of physically adsorbed furfural. Based on the dipole selection rule, the vibrational mode with component perpendicular to the surface should have high signal in the on-specular spectrum while the mode parallel to the surface should have relatively high intensity in the off-specular spectrum. Comparing the on-and off-specular spectra at 220 K, the relative intensity of the (C=O) mode of the carbonyl group (1638 cm −1 ) was higher in the off-specular spectrum and that of the ring (C-H) mode (3067 cm −1 ) was higher in the on-specular spectrum. The differences between the on-and off-specular spectra suggested that the C=O bond was more parallel to the surface than the C-H bond of the furan ring. Since the C-H bond was in the same plane of the furan ring, the furan ring should also be tilted away from the Fe/Mo 2 C/Mo(110) surface. This adsorption geometry was similar to that on Coterminated Co/Pt(111), which showed high activity toward furfural HDO reaction [10] . At 280 K, the intensity of the (C=O) peak at 1638 cm −1 was significantly reduced and that of the aliphatic (C-H) at 2859 cm −1 increased, suggesting the hydrogenation of the carbonyl group and the formation of 2-MF. At 400 K, the ring vibrational modes [ω (CH) and ring (C-H)] disappeared due to the desorption of 2-MF. Figure 4b compares the HREELS spectra of furfural on Fe/Mo 2 C/Mo(110) and Fe/Pt(111) and 2-MF on Fe/ Mo 2 C/Mo(110). All the surfaces were annealed to 220 K to remove the physically adsorbed species. The three spectra showed nearly identical vibrational modes from the furan ring, such as the ω (CH), ring (C-O), ring (C=C) and ring (C-H) modes. The only difference between 2-MF and furfural was that furfural had a C=O stretching mode (1638 cm −1 ) from the carbonyl group while 2-MF had C-H rocking mode at ~ 1450 cm −1 , which overlapped with the ring (C=C) mode in the furan ring. Compared with 2-MF on Fe/Mo 2 C/Mo(110), the spectrum of furfural on Fe/Mo 2 C/Mo(110) had a bump at 1600 cm −1 , which was from the red-shifted aliphatic (C=O) mode. The spectrum of furfural on Fe/Pt(111) also showed a red-shifted aliphatic (C=O) peak at 1604 cm −1 , suggesting that the C=O bond interacted strongly with both Fe/Pt(111) and Fe/Mo 2 C/ Mo(110). The (CO) mode at 1838 cm −1 is from the adsorbed CO during the surface preparation. Overall, the general similarity of the three HREELS spectra suggests that both Fe/Mo 2 C/Mo(110) and Fe/Pt(111) surfaces can weaken the C=O bond of the carbonyl group and convert furfural to 2-MF, which is consistent with the TPD results and DFT calculations.
Conclusions
DFT calculations and surface science experiments have been performed to compare the similarity between monolayer Fe/Pt(111) and Fe/Mo 2 C/Mo(110) surfaces for the furfural HDO reaction. The DFT results show that both Fe/ Mo 2 C/Mo(110) and Fe/Pt(111) have high furfural binding energies as well as strong oxophilicity. The enlarged C 1 -O 1 bond length on both surfaces suggests a strong interaction between the carbonyl group and the surface, which should facilitate the furfural HDO reaction. The HREELS results show that furfural has a similar adsorption geometry on both surfaces and the C=O bond is weakened, which is consistent with DFT prediction. The TPD results reveal that Fe/ Mo 2 C/Mo(110) has a similar HDO activity to and is more stable than Fe/Pt(111). Therefore, both surfaces are active for the furfural HDO reaction, and Fe modified Mo 2 C is more stable, demonstrating that Fe/Mo 2 C is a promising non-precious catalyst for HDO reactions. 
